The year 2014 was a turning point for the field of renal denervation (RDN) and its potential use to treat resistant hypertension. Tremendous enthusiasm shifted to sober reflection on the efficacy of a technology once touted as the cure to resistant hypertension. The following review highlights 2 major questions: First, does catheter-based RDN lower blood pressure and, second, will RDN using catheter-directed therapy for the treatment of resistant hypertension ever become more than an investigational technology.
The year 2014 marked a turning point for the field of renal denervation (RDN) as a potential treatment of resistant hypertension. Tremendous enthusiasm shifted to sober reflection on the efficacy of a technology once touted as the cure to resistant hypertension. Prior trials investigating RDN using catheter-directed technology resulted in marked decreases in blood pressure (BP) and set the stage for Medtronic's (Medtronic, Santa Rosa, CA) US-based phase III sham-controlled RDN trial, SYMPLICITY-SYMPLICITY HTN-3. 1 However, the lack of BP lowering difference between the intervention and sham control arms of SYMPLICITY-SYMPLICITY HTN-3 is well established 1, 2 and has been thoroughly dissected in multiple forums.
Proponents of RDN point to the technical limitations of SYMPLICITY-SYMPLICITY HTN-3 and ongoing and completed preclinical and clinical trials are designed to address these issues. In spite of this there are key issues precluding use of denervation for treatment of resistant hypertension, Table 1 . Moreover, the answers to 2 critical questions are still loom large: Does RDN significantly lower BP and will RDN using catheter-directed therapy for the treatment of hypertension ever become more than an investigational technology worldwide.
The answer to the first question is "yes, " with the caveat that is must be performed adequately and properly in a specific patient population. The physiological basis is sound and multiple preclinical and clinical studies demonstrate BP lowering effects with RDN.
However, the second question is more pertinent and is truly the crux of any argument for or against RDN. Given our current understanding, the answer to that question is "no. " RDN is not ready for "prime time" and many more questions remain than answers. The major barriers to our understanding and ultimate adoption of RDN beyond an investigational technology include: (i) unproven efficacy in sham-controlled trials; (ii) potential for higher rate of complications with updated and comprehensive RDN techniques; and (iii) the unknown long-term durability of RDN.
Procedural efficacy
Since the first surgical sympathectomy in humans was performed in the early 20 th century, the medical community has become increasingly aware of the effect the sympathetic nervous system can have on systemic hypertension. These initial operations typically involved a splanchnicectomy 3 and/or removal of lumbar and thoracic sympathetic ganglia. [3] [4] [5] Generally, more extensive procedures were performed on younger, more symptomatic, patients. Focused and limited operations were reserved for the elderly. 4 There was evidence of marked improvement in mortality and BP control in certain patients with severe hypertension treated in this fashion. However, the efficacy in all-comers was moderate at best. 6 However, these procedures formed the early physiologic rationale for renal nerve ablation and were followed by preclinical models of RDN for the treatment hypertension.
Undoubtedly, the sympathetic nervous system plays a key role in the development of primary hypertension, and sympathetic activity is increased in many patients with resistant hypertension. [7] [8] [9] This is supported by measurements of increased renal norepinephrine (NE) spillover in subjects with primary and resistant hypertension. Renal NE spillover is the only method currently available that provides a quantitative assessment of sympathetic outflow to the kidneys and is ultimately a marker for renal sympathetic nerve activity (RSNA). This suggests that renal nerves act as the unifying link between increased central sympathetic outflow and impairment of renal excretory function that leads to enduring hypertension. 7, 8, 10 Increased sympathetic activity is a key part of the pathophysiology in many but not all animal models of hypertension. However, not all animal models respond to a reduced BP to denervation. For example, the most consistent BP lowering in response to RDN in rodent models of hypertension are seen in the spontaneously hypertensive rat, a model of hypertension in which increased RSNA has been documented. [11] [12] [13] But, even in that animal model, RDN has minimal BP lowering effects in the advanced stages of hypertension when there is already target organ damage. 13 In a sympathetically driven model of obesity hypertension induced by feeding dogs a high-fat diet, RDN eliminates hypertension before target organ damage. 14 Alternatively, there is little evidence of sympathetic activation, or a contribution of the renal nerves to renal vascular hypertension or hypertension produced by chronic infusion of angiotensin II and aldosterone in canine models. [15] [16] [17] [18] [19] [20] [21] Collectively, preclinical models reveal that the renal nerves do not contribute to all forms of hypertension, but do play a critical role in chronically increasing BP when RSNA is elevated. Thus, it is not surprising, that in SYMPLICITY HTN trials, RDN attenuated the severity of hypertension in some but not in all patients with resistant hypertension. [22] [23] [24] [25] As a proof of concept, the extent of RDN was determined in 10 subjects via measurement of renal NE spillover. Renal NE spillover was reduced 47% when measured 2-4 weeks days after RDN 22 . In a study conducted in dogs with obesity hypertension, RDN lowered renal cortical NE levels 42% (a similar reduction to SYMPLICITY HTN-1). 26 In response to a 42% reduction in renal tissue levels of NE, mean arterial pressure decreased 9 mm Hg. However, this is only half of the decrease that occurs with surgical RDN, which achieves 95% reduction in renal cortical NE. 14 Unfortunately, because of technical limitations in determining renal NE spillover, clinicians are unable to routinely assess the antihypertensive effects of RDN in relation to baseline RSNA in patients with resistant hypertension. Moreover, while the quantitative relationship between reductions in NE spillover and BP lowering is unknown, the SYMPLICITY HTN-1 investigators concluded, based on the impressive reductions in BP, that the extent of RDN performed was sufficient to achieve therapeutic efficacy.
Unfortunately, we now better understand the heterogeneity in the reduction in renal NE spillover achieved in patients subjected to catheter-based RDN, and it is likely that variable denervation has contributed to the inconsistent BP lowering in past clinical trials. 8 Admittedly, this was a major criticism of SYMPLICITY HTN-3, based on the inexperience of many of the interventional cardiologists. More recent anatomical studies in an animal model demonstrate that ablations need to be performed more distally within the renal artery and affect all main renal arteries as well as branches to adequately ablate afferent and efferent pathways. 27 This more extensive denervation approach will be used in Medtronic's upcoming phase II trials of 100 patients each using a new multielectrode radiofrequency ablation catheter from Medtronic, the Spyral catheter. The trials are eponymously named SPYRAL HTN-ON (NCT02439775) and SPYRAL HTN-OFF (NCT02439749). They will not enroll patients with resistant hypertension, but instead Stage 2 hypertension.
Perhaps those that would benefit most from properly performed catheter-based RDN, based on the physiology on preclinical models, are those patients with the recently coined "refractory hypertension. " Defined by the investigators as uncontrolled BP on 4 or more antihypertensive medications, including chlorthalidone and a mineralocorticoid receptor antagonist, patients with "refractory hypertension" are younger, more likely to be female, have higher urinary normetanephrine levels, higher clinic heart rates, higher 24-hour ambulatory heart rates, higher systemic vascular resistance, and higher pulse wave velocity, in addition to reduced heart rate variability. Taken together, the uncontrolled nature of the hypertension appears more related to adrenergic overdrive than the more often seen resistant hypertension. 28 However, this is a small fraction of patients.
Another critique of SYMPLICITY HTN-3 that warrants discussion is that the antihypertensive medication regimen was adjusted in approximately 40% of subjects, 29 and presumably optimized, with a greater percentage being exposed to aldosterone antagonists, than in the first 2 SYMPLICITY trials. 30 Additional BP lowering in SYMPLICITY HTN-3's sham-control arm attributed to spironolactone is clearer after publication of the PATHWAY-2 trial comparing spironolactone to placebo, bisoprolol, and doxazosin for the treatment of resistant hypertension. 31 Spironolactone was the most effective agent in lowering BP. Almost 60% of subjects achieved their BP goal when spironolactone was added to their antihypertensive regimen. This is compared to only about 40% with bisoprolol and doxazosin treatment.
The PRAGUE-15 trial adds further legitimacy to the HTN-3 data, especially when questioning the procedural efficacy of HTN-3. Six and 12-month follow-up have been published. 32, 33 Although not sham-controlled, 106 subjects with resistant hypertension were randomized to catheterbased RDN (using the SYMPLICITY catheter) with optimal antihypertensive treatment group or to an intensified pharmacological treatment group that included spironolactone. There were only 3 study centers and 6 total interventionalists with significant prior RDN experience. At 6 months, both groups experienced significant decreases in office and ambulatory BP from baseline; however, no difference between intensified medical therapy and RDN was demonstrated. At a year, both groups again demonstrated significant BP decline compared to baseline, but perprotocol analysis of 101 subjects exposed a significant difference of 24-hour systolic BP decline between complete RDN (6.3 mm Hg) and the subgroup where spironolactone was added (15 mm Hg). They conclude that spironolactone, when tolerated because there was an increased incidence of adverse events, is likely better at reducing BP in patients with resistant hypertension than RDN.
A single trial published following the release of HTN-3 data demonstrated effective BP lowering of RDN plus an optimized and standardized antihypertensive medication regimen, when compared to an optimized standardized antihypertensive regimen alone. This was the Renal Denervation for Hypertension (DENERHTN) trial. 34 This trial did not have a sham arm thus limiting its wide applicability.
Aside from prospective clinical trials, a 2015 meta-analysis of RDN vs. pharmacotherapy for resistant hypertension 35 revealed 9 studies meeting the authors' inclusion criteria with a total number of subjects analyzed being 1,096. This included 6 randomized control trials and 3 controlled trials. Pooled analysis for all 9 studies suggested that catheter-based RDN significantly lowers systolic and diastolic BP compared to pharmacotherapy. However, when only including the 6 truly randomized control trials this significant difference is not present.
POTENTIAL COMPLICATIONS
The positive spin from SYMPLICITY HTN-3 was the demonstrated safety of the procedure, and the trial's lack of complications allows continuation of further clinical examination and trial enrolment. Long-term follow-up of SYMPLICITY HTN-1 and 2 also reflect a positive safety profile. 23, 24 Subsequent single center publications using magnetic resonance imaging and computed tomography angiography to quantitatively assess the degree of renal artery stenosis seen after RDN came to similar conclusions.
Two separate cohorts using the original single electrode SYMPLICITY catheter evaluated for renal artery stenosis. In a 76-subject cohort found that at 6 months after RDN no stenosis greater than 70% was noted, with only 2 subjects having a stenosis greater than 50%. 36 Another 51-subject cohort had magnetic resonance angiography at a median followup of 11 months and demonstrated no significant vascular narrowing. 37 However, recent experimental studies of renal histology and renal NE tissue levels indicate that truly effective denervation may require delivery of ablative energy to the distal sections of the renal artery, near the bifurcation, rather than to just the more proximal regions of the main renal artery as performed in a significant percentage of SYMPLICITY patients. 38, 39 A porcine model demonstrated that increasing the number of ablations in the main renal artery was not sufficient to yield a clear dose-response relationship on NE content and axon density. 39 However, targeted treatment of renal artery branches, or distal segments of the main renal artery, resulted in significantly less variability of response and greater reduction of both NE and axon density than treatment of only the main renal artery. The changes remained 28 days postprocedure and treatment of both the main renal arteries and branches produced the greatest change in renal NE and axon density. Thus, including the initial branches of the renal artery leads to more complete denervation, unfortunately this may be technically challenging to achieve, may increase the risk of arterial damage, and alter the safety profile of RDN as seen in SYMPLICITY HTN-3.
Aside from the possibility of structural damage from more extensive denervation, long-term postprocedure renal function itself is an important safety consideration in a patient population at high risk for chronic kidney disease. Although most renal function measurements conducted within a year of RDN in patients with resistant hypertension demonstrate that renal nerve ablation technology does not have adverse functional effects on kidney function. 1, 22, 24, 25 Loss of kidney function following denervation has been tracked in the SYMPLICITY registry. A loss in estimated glomerular filtration rate (eGFR) of 9.3 ml/min per 1.73 m 2 at 3 years was observed, 23 a greater than 2-fold larger decline in eGFR than in the recent ACCOMPLISH trial, in which hypertensive patients at high cardiovascular risk were treated with combination pharmacotherapy. 40 Undetermined is whether the greater decline in eGFR reported in the SYMPLICITY registry reflects adverse effects of denervation, impaired ability of the afferent arteriole to respond to a fall in arterial pressure or just the natural progression of resistant hypertension.
To provide insight into physiological mechanisms that may account for abnormal long-term reductions in GFR following suppression of RSNA (as seen in HTN-1), one can use the obesity model of hypertension and compare the renal hemodynamic response in canine models during a procedure the induces global reflex suppression of sympathetic activity (baroreceptor stimulation 41 and renal specific sympathoinhibition by surgical RDN 42 ).
In obese subjects, precursors to progressive renal injury are hypertension and glomerular hyperfiltration. Hyperfiltration is attributed to both a high rate of neurally mediated sodium reabsorption in the proximal tubule and loop of Henle that decreases sodium delivery to the and stimulates of renin secretion. 43 Consequently, a tubuloglomerular signal dilates the afferent arterioles, and concomitantly angiotensin II is generated in response to increased renin. This intensifies tubuloglomerular-mediated hyperfiltration by constricting the efferent arterioles. Presumably, suppression of sympathetic activation would diminish these renal hemodynamic changes (Figure 1) .
With chronic global suppression of central sympathetic outflow by baroreceptor stimulation in a canine model of obesity hypertension diminished hyperfiltration is in fact demonstrated, as is reduction in sodium reabsorption and plasma renin activity. Therefore, the decline in GFR is likely due to tubuloglomerular-mediated constriction of preglomerular vessels and reduction of angiotensin II-induced postglomerular arteriolar tone. 42 This is supported by a reported decrease in eGFR of 8% after 6 months of baroreceptor stimulation in cohort of obese patients with resistant hypertension that did not worsen after 12 months of treatment. 44 The nonprogressive reduction in GFR suggests the clinical benefit of lowering the renal arterial pressure and arresting hyperfiltration.
Whereas glomerular hyperfiltration diminished during baroreceptor stimulation in dogs with obesity hypertension, there were increases in GFR when measured 2 weeks after surgical RDN. 42 It was presumed that complete surgical RDN decreases preglomerular resistance, as a result of reducing RSNA to levels lower than during the more physiologic reflex suppression of sympathetic activity by baroreceptor stimulation. It is thus, not surprising that studies show increases in renal plasma flow immediately following RDN in those with resistant HTN. 45 Decreasing preglomerular resistance and in turn increasing glomerular pressure, RDN may ultimately predispose obese patients with resistant hypertension to glomerular injury due to glomerular hypertension, especially if the BP lowering response to renal nerve ablation is not pronounced. Therefore, in resistant hypertensive subjects with declining kidney function, additional reductions in preglomerular resistance in already hyperfiltering nephrons may actually accelerate the progression of renal injury (Figure 1) .
Taken together, the findings reported in the SYMPLICITY registry indicate a relatively disproportionate reduction in eGFR after 36 months of RDN in patients with resistant hypertension. This reinforces the need for careful long-term determinations of intrinsic renal function in subjects with normal and impaired baseline renal function.
Related to procedural safety are new "noninvasive" technologies being developed that have the potential to supplant invasive catheter-based RDN. Most recently, investigators reported early safety and efficacy data of a noninvasive, externally delivered, focused ultrasound device that is thought to denervate the renal arteries and lower BP. 46 Although early in its clinical testing, and without long-term safety profile, or sham-controlled efficacy trials, it is representative of a new wave of medical technologies that can heed the lessons learned in the relatively long history of catheter-based RDN, and perhaps capitalize on renal nerve ablations recent setbacks.
Long-term efficacy
Let us presume that, even in the face of the aforementioned barriers, catheter-based RDN technology advances in the coming years and the procedure successfully demonstrates significant BP lowering against a sham-controlled group in a large-scale randomized control trial. The next appropriate question is how durable will denervation be, i.e., does reinnervation of these arteries occur?
These questions will remain unanswered until that time, because the durability of effect would likely vary based on the complexity and extent of the procedure performed. One may glean insight however, from recent data using the SYMPLICITY RDN system (Medtronic). This catheter was used to investigate serial changes in the renal arteries after RF RDN in a porcine model. 47 Forty-nine renal arteries from 28 animals, at 4 different time points (7, 30, 60 , and 180 days), were examined. Histological assessment of the arterial medial circumferential injury was greatest at 7 days and least at 180 days. At 7 days, the nerve injury score was significantly greater in comparison to other time points. In fact, focal nerve regeneration at the sites of ablation was seen in 17% of renal arteries at 60 days and 71% at 180 days. Studies in multiple species including rats, dogs, and sheep all demonstrate anatomic and functional reinnervation of sympathetic and sensory fibers within months after RDN. [48] [49] [50] However, there is limited data regarding nerve regeneration in humans following renal nerve ablation. Thus, the time course of functional reinnervation in patients with resistant hypertension and the importance of this mechanism in diminishing the procedure's antihypertensive effects are currently unknown.
If reinnervation does in fact occur in humans, would patients be offered serial procedures to maintain successful denervation? Would serial ablations have similar BP lowering efficacy and still be safe to an already instrumented renal artery? These questions are particularly important if RDN is to be used in a fashion comparable to the current SPYRAL HTN-OFF trial (NCT02439749).
Unlike trials looking at patients with resistant hypertension and lack of other effective therapies, SPYRAL HTN-OFF is being undertaken in subjects with Stage 2 hypertension on no antihypertensive medications. It will require office systolic BP greater than 150 mm Hg, a diastolic office BP greater than 90 mm Hg, and 24-hour ambulatory BP monitoring with an average systolic BP between 140 and 170 mm Hg. These subjects likely could have BP controlled on 2-3 antihypertensive medications, with greater than 25 years of data of known efficacy.
CONCLUSION
Catheter-based RDN remains an area of profound importance to many researchers and clinicians. Given expanding data suggesting medication compliance in the treatment of chronic diseases is less than ideal, 51 device-based therapy for chronic conditions such as primary and/or resistant hypertension are logical areas of innovation and interest. Unfortunately, RDN as presently performed is not ready for "prime time. " A clear physiological basis for RDN BP lowering efficacy, in certain subsets of patients with hypertension, is established, and initial clinical studies were promising. Yet, the equivocal findings of the sham-controlled SYMPLICITY-HTN-3 resulted in a thorough re-examination of the physiology of renal nerve ablation, the technology used to disrupt renal sympathetic innervation, and the way in which efficacy of denervation is established and tested.
This re-examination is currently ongoing and answers to the many uncertainties posed in the above text will be based on forthcoming discoveries and clinical trials. The end result may be the widespread adoption of catheter-based RDN for resistant hypertension, primary hypertension, and other chronic conditions associated with increased sympathetic activity. However, given the current state of knowledge regarding RDN, one cannot confidently claim or endorse catheter-based RDN beyond an investigational technology.
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